mation for food localization and for remaining near food sources in the soil. In the laboratory, the behavioral response to temperature is visualized as thermotaxis (Hedgecock and Russell, 1975 , 1999, 1996). 
autoinhibition of the A subunit and triggers its catalytic vertebrate calcineurin A subunits suggesting that TAX-6 is the sole calcineurin A subunit in C. elegans. Calactivity (Cohen, 1989) .
In this study, we show that a calcineurin A subunit cineurin A consists of two main domains, a catalytic domain and a regulatory domain ( Figure 2C ) (Kissinger et encoded by tax-6 gene is essential for setting the gain control of several sensory modalities in C. elegans. tax-6 al., 1995). The regulatory domain contains the B subunit binding site, the calmodulin binding site, and the autoinmutants exhibit pleiotropic abnormalities including impaired thermotactic and chemotactic behaviors, small hibitory site. The phosphatase activity of the A subunit is normally inhibited by an intramolecular interaction body size, and slow growth rate. tax-6 acts cell-autonomously in sensory neurons. In AFD thermosensory neuwith its own autoinhibitory site. Binding of the B subunit and calmodulin together with calcium releases autoinrons, reduced calcineurin activity leads to hyperactivation, whereas high calcineurin activity inactivates hibition, leading to a dramatic enhancement of A subunit phosphatase activity (Cohen, 1989 ; Hashimoto et al., thermosensory function. In ASH osmosensory neurons, reduction of TAX-6 activity leads to hypersensitivity to 1990; Kissinger et al., 1995) . The tax-6(p675) mutant has a C to T mutation in the sixth exon ( Figure 2B ), which high osmotic strength. In AWC olfactory neurons, reduced TAX-6 activity leads to hyperadaptation and olsubstitutes an aspartic acid (D) to an aspartic (N) residue in the catalytic domain. The aspartic acid at this position factory defects, which were both suppressed by a lossof-function mutation in the AWC adaptation gene osm-9.
is conserved throughout all known calcineurins ( Figure  2D ) (Cyert et al., 1991; Hong and Ganetzky, 1996; LauterGenetic analysis indicates that activation of TAX-6 calcineurin depends on calcium influx through the cation milch and Spitzer, 2000). The tax-6(p675) mutation is completely recessive and is easily rescued by a low channel required for sensory signaling and that TAX-6 in turn regulates sensory input. This gain control through concentration of wild-type tax-6 transgene (data not shown). The thermotactic abnormality of tax-6(p675) calcineurin in sensory neurons resembles the role of calcineurin in the mammalian brain, where calcineurin mutants is as severe as that of tax-6(p675)/Df hemizygous animals (data not shown). The other two alleles of inhibits hippocampal activity (Malleret et al., 2001 ). Our results allow us to demonstrate that the activity of a tax-6, db44, and db60 were isolated and kindly provided by H.H.B. Cheung, N. Tremian, and M. de Bono (personal negatively acting signaling molecule is directly coupled to modulation of sensory behaviors. communication). The tax-6(db44) mutant has a G to A mutation at the splice acceptor site for the second intron ( Figure 2B ). The tax-6(db60) mutation is likely to be a Results molecular null allele since it has a C to T mutation that results in a nonsense mutation near the amino terminus C. elegans tax-6 Encodes a Highly Conserved of the TAX-6 protein ( Figures 2B and 2D ). The thermoCalcineurin A Subunit philic phenotype and other phenotypic abnormalities of The tax-6(p675) mutant has a thermophilic phenotype db60 mutants are indistinguishable from the phenotypes and is defective in chemotaxis to NaCl ( Figures 1A-1D ) of p675 and db44 mutants ( Figure 1A ; data not shown), (Dusenbery et al., 1975; Hedgecock and Russell, 1975) .
suggesting that all these tax-6 mutations are either comThis mutant also exhibits severe constitutive dauer larva plete or nearly loss-of-function (lf) mutations. formation phenotype (syn-Daf) when combined with an unc-3 mutation (data not shown) (Prasad et al., 1998; Take-Uchi et al., 1998), slow growth rate, and small body The TAX-6 Calcineurin A Subunit Is Expressed in Sensory Neurons, Interneurons, size ( Figures 1E-1G ). To gain molecular insight into its thermophilic phenotype, the tax-6 gene was cloned by and Muscle Cells Cells expressing TAX-6 were visualized using several a series of three-factor mapping and DNA rescue experiments (Figure 2A ). pAK2 rescued all the tax-6 defects, tax-6::gfp fusion genes (Figure 3 ). Introducing pAK13 into tax-6 mutants rescued thermotaxis and all other indicating that the predicted C02F4.2 gene encodes TAX-6. pAK3, a shorter clone that begins at the trandefects ( Figure 2A ) and drove TAX-6 expression mostly in sensory neurons, including the thermosensory AFD scriptional start site and contains ‫032ف‬ bp upstream of the initial methionine, fully rescued tax-6 thermotaxis neurons, the chemosensory ASE, AWA, and AWC neurons, and the osmosensory ASH neurons (Figures 3A, and chemotaxis defects, but only partially rescued its small body size and slow growth rate (Figure 2A ; data 3B, and 3D) (Bargmann et al., 1993; Bargmann and Horvitz, 1991; Mori and Ohshima, 1995). TAX-6 appears to not shown). There are two types of tax-6 cDNAs: cDNA1, which contains 13 exons, and cDNA2, which contains be expressed in the entire cytoplasm of these neurons. In head sensory neurons, for example, GFP fluorescence the same 13 exons as cDNA1 and one additional exon between exon 10 and exon 12 ( Figure 2B ). Since cDNA1 was visible at sensory cilia, dendrites, axons, and cell bodies ( Figures 3D, 3J , and 3K). pAK43 is a larger transwas represented more than cDNA2 in the cDNA library, cDNA1 was used for cell-specific expression of funcgene that should include all promoter regions for tax-6 transcription, since another gene is encoded just uptional TAX-6 protein.
TAX-6 (C02F4.2) is homologous to vertebrate calstream of this region and tax-6 mRNA does not seem to be derived from a polycistronic transcript (Blumenthal, cineurin A subunits ( Figures 2C and 2D) moter sequence, and pAK6 contains a fragment with Neuronal Expression of TAX-6 Calcineurin Is Sufficient for Rescue of Pleiotropic this 1.1 kb promoter, the first two exons, and the first intron ( Figure 3A) . Both pAK5 and pAK6 failed to drive Abnormalities of tax-6 Mutants TAX-6 is expressed in both neurons and muscles. TAX-6 expression in AFD thermosensory neurons or chemosensory neurons such as ASE, AWA, and AWC.
Expressing tax-6 cDNA using the pan-neuronal unc-14 promoter (Ogura et al., 1997) in tax-6 mutants (tax-6; These results suggest that the expression of tax-6 is under diverse transcriptional controls ( Figure 3A) .
[ ures 4A and 4B). In this study, we often used tax-6; morphology in tax-6 mutants was normal throughout development (data not shown), indicating that tax-6 afEx[myo-3p::tax-6] animals to facilitate behavioral analyses of tax-6 mutants.
fects AFD function and not its development. Using the same gcy-8p::gfp AFD-specific marker, we were also able to observe morphologically normal AFD neurons in TAX-6 Calcineurin Acts Cell-Autonomously in AFD tax-6 animals bearing gcy-8p::tax-6 cDNAgf, suggesting Thermosensory Neurons and Negatively that the expression of TAX-6 gf does not induce abnorRegulates Thermosenation mal AFD development or cell death (data not shown). TAX-6 was expressed in AFD, AIY, and AIZ, which are all critical component neurons in the neural circuit for
The tax-6(p675) Mutant Is Hypersensitive to Osmotic thermotaxis (Mori and Ohshima, 1995) (Figure 3 ). The
Stimuli Sensed by ASH Sensory Neurons thermophilic phenotype of tax-6 mutants could result To elucidate whether neuronal hyperactivation by the from malfunction of any one of these neurons. To identify tax-6 mutation is unique to thermosensory neurons or its site of action, a tax-6 cDNA was specifically exgeneral to other sensory neurons, the responsiveness pressed in AFD neurons of tax-6(p675) mutants using of the ASH osmosensory neurons was examined ( We expressed TAX-6 gf specifically in AFD neurons of tively regulates olfactory signaling and that loss of TAX-6 function reduces the initial response to the olfactory wild-type and tax-6(p675) mutants using the AFD-specific gcy-8 promoter. The majority of wild-type animals and stimulus. Alternatively, TAX-6 could inhibit olfactory adaptation so that tax-6(lf) mutants would adapt more about 50% of tax-6 mutants carrying TAX-6 gf showed cryophilic or athermotactic phenotypes, which is remiquickly or completely and exhibit less attraction to the odorant in the olfactory response assay. To evaluate niscent of the phenotypic spectrum of AFD-killed animals (Mori and Ohshima, 1995) ( Figure 4A ). Thus, introthese possibilities, we explored whether the tax-6(p675) mutation leads to enhanced olfactory adaptation. tax-6 duction of TAX-6 gf induced phenotypes opposite to the phenotype of tax-6(p675) mutants, consistent with mutants showed a relatively slight defect in their olfactory response to the AWC-sensed odorant isoamyl alcothe idea that TAX-6 gf inactivates the AFD neurons. These results implicate the hyperactivation of AFD neuhol at 10 Ϫ2 concentration (
Figure 5B). We tested olfactory adaptation to 10 Ϫ2 isoamyl alcohol, since the rons by tax-6(p675) mutation.
The AFD neurons of tax-6 mutants were visualized olfactory adaptation assay paradigm uses about 10
Ϫ2
isoamyl alcohol for preexposure as well as the following using an AFD-specific GFP marker, gcy-8p::gfp. AFD required for the gain control of sensory neuron responsiveness in several sensory modalities. To gain molecular The olfactory responses of wild-type animals to isoamyl insight into the relationship between calcineurin and alcohol fell gradually during 60 min of preexposure to calcium-dependent sensory signaling pathways, we isoamyl alcohol, whereas the olfactory responses of analyzed animals doubly mutant for tax-6(lf) and losstax-6 mutants fell to the basal level after only 10 min of of-function mutations in genes implicated in primary preexposure ( Figure 5C ). This result demonstrates that sensory transduction in AFD (tax-4), ASH (osm-9 and tax-6(p675) mutation causes enhanced olfactory adapodr-3), and AWC (odr-3 and tax-4) neurons (Figure 6 ). tation to isoamyl alcohol.
In AFD, thermosensation is thought to utilize the tax-6 mutants that expressed TAX-6 specifically in TAX-4/TAX-2 cGMP-gated cation channel for transduc-AWC neurons (tax-6; Ex[odr-3p::tax-6]) (Roayaie et al.,
ing temperature input into a change in membrane poten-1998) were fully rescued for the hyperadaptable phenotial (Coburn and Bargmann, 1996; Komatsu et al., 1999, type to isoamyl alcohol ( Figure 5C ) and also rescued for 1996). The thermophilic phenotype of tax-6 mutants was olfactory responses to isoamyl alcohol and benzaldealmost completely suppressed by tax-4 mutation ( Figure  hyde (Figure 5D ). tax-6 animals bearing the odr-3p::tax-6 6A). This result is consistent with the model that TAX-6 transgene were unable to respond to NaCl, which is is activated by calcium entry through the TAX-4/TAX-2 mainly sensed by ASE gustatory neurons ( Figure 4B) . channel upon sensing temperature ( Figure 7A ). HowThese results suggest that tax-6 functions cell-autonoever, nearly 50% of tax-4(lf); tax-6(p675) animals were mously in AWC neurons for olfaction and regulation of found to exhibit a cryophilic phenotype, and the interpreolfactory adaptation.
tation of this neomorphic phenotype is not straight-A loss-of-function (lf) mutation in the osm-9 gene forward. causes a loss of olfactory adaptation to two AWCIn ASH, the capsaicin receptor-like cation channel sensed odorants, isoamyl alocohol and butanone, but OSM-9, rather than the TAX-4/TAX-2 channel, is prodoes not affect adaptation to AWC-sensed benzaldeposed to be the sensory transduction channel for osmo-
hyde (Colbert and Bargmann, 1995). osm-9 encodes a sensation (Colbert et al., 1997). Like OSM-9, ODR-3, a capsaicin receptor-like cation channel that is expressed G␣ protein, is required for normal osmotic avoidance in AWC neurons (Caterina et al., 1999, 1997; Colbert et responses and is likely to activate the OSM-9 channel al., 1997). Olfactory responses to all these AWC-sensed in ASH (Roayaie et al., 1998). tax-6(p675); odr-3(lf) and odorants are normal in osm-9(lf) mutants, which sugosm-9(lf) tax-6(p675) double mutants did not avoid high gests that primary sensory transduction in AWC does
osmotic strength generated by 8 M or 2 M glycerol, and not depend on OSM-9 channel-coupled signaling (Colthese defective phenotypes were similar to the phenobert and Bargmann, 1995). The hyperadaptable phenotypes of odr-3 or osm-9 single mutants ( Figure 6B ). type of tax-6 mutants to isoamyl alcohol is completely These results are consistent with the activation of TAX-6 suppressed by an osm-9(lf) mutation ( Figure 5E ). The by calcium entry through OSM-9 during primary sensory defective olfactory adaptation in osm-9(lf) tax-6(p675) transduction in ASH. double mutants was as severe as that of osm-9(lf) single In AWC, ODR-3 G␣ is proposed to be a G protein for mutants. If the olfactory defect in tax-6 mutants is an olfactory transduction (Roayaie et al., 1998), and the indirect effect of enhanced olfactory adaptation, we precation channel transducing olfactory stimuli is believed dicted that the adaptation-defective osm-9 mutation to be the TAX-4/TAX-2 cGMP-gated channel (Coburn would also suppress the defective olfactory responses and Bargmann, 1996; Komatsu et al., 1996). Both taxof tax-6 mutants. Indeed, the osm-9 tax-6 double mutant 6(p675); odr-3(lf) and tax-4(lf); tax-6(p675) mutants showed as normal olfactory responses to isoamyl alcoshowed strong olfactory defects similar to those of odr-3 hol ( Figure 5F ) but remained defective in olfactory reor tax-4 single mutants ( Figure 6C ). These results are sponse to benzaldehyde, an AWC-sensed odorant that consistent with the activation of TAX-6 by calcium influx does not require OSM-9 for adaptation ( Figure 5F ). through TAX-4/TAX-2 channels ( Figure 7B ). However, These results support the hypothesis that TAX-6 negathe OSM-9 channel is also expressed in AWC, where it tively regulates OSM-9-dependent olfactory adaptation affects olfactory adaptation. The suppression of tax-6 in AWC neurons. olfactory defects by osm-9 ( Figures 5E and 5F ) is consistent with an alternative model in which calcium entry TAX-6 Activity Likely Depends on Stimulusthrough OSM-9 activates calcineurin in AWC ( Figure 7B calcineurin activity results in hyperactivation of the thermosensory neuron AFD, leading to a thermophilic phenotype in thermotaxis. By contrast, high calcineurin activity results in inactivation of AFD, leading to cryophilic or athermotactic phenotypes. tax-6 mutants are also hypersensitive to high osmotic strength, which is sensed by ASH sensory neurons. In addition, tax-6 mutations cause enhanced olfactory adaptation to isoamyl alcohol, which is sensed by AWC olfactory neurons. In AWC neurons, genetic evidence suggests that TAX-6 negatively regulates olfactory adaptation through the OSM-9 channel. Altogether, we provide functional evidence that calcineurin acts as a negative regulator of sensory signaling pathways, thereby regulating the gain of sensory responses.
Previous in vivo electrophysiogical studies suggested that sensory signals are transduced by calcium entry through cation channels in C. elegans sensory neurons (Goodman et al., 1998) . Behavioral analysis of animals doubly mutant for tax-6 and loss-of-function mutations in a G protein (ODR-3) or cation channels (TAX-4 and OSM-9) showed that tax-6 was never epistatic to any of these mutations (Figure 6 ). These results suggest that the function of TAX-6 depends on stimulus-evoked activation of sensory signaling pathways.
Based on the possible role of TAX-6 calcineurin as a negative regulator of sensory neurons, we propose a general gain model for the action of calcineurin during sensory signaling ( Figure 7A ). In AFD (and possibly in ASH), stimulus-evoked calcium influx through the TAX-4/TAX-2 channel (or the OSM-9 channel) activates TAX-6, which negatively regulates primary sensory signaling. Since in vivo electrophysiological studies reported that sensory neurons are isopotential in C. elegans (Goodman et al., 1998), it is likely that sensory input is tightly coupled with synaptic transmission. We therefore suggest that sensory stimulus-evoked TAX-6 activity directly regulates sensory neuronal synaptic olfactory transduction through the TAX-4/TAX-2 chan-AFD-specific TAX-6 gf expression in wild-type tax-6(ϩ) and nel, which allows calcium entry to activate AWC neutax-6(p675) animals inactivated AFD function. In particular, AFDspecific TAX-6gf expression mimicked killing AFD neurons in wildrons, whereas odor-provoked calcium influx through the type animals, which is indicated as "wild-type (AFD Ϫ)". The laser OSM-9 channel only affects olfactory adaptation (Colablation result was from Mori and Ohshima (1995). Wild-type taxbert et al., 1997). We found that tax-6 animals are hyper-6(ϩ) animals and tax-6 mutants expressing gfp under the control of the AFD-specific gcy-8 promoter exhibited the same phenotypes as wild-type and tax-6 mutants, respectively. Wild-type tax-6(ϩ) animals carrying gcy-8p::tax-6 cDNA, which was introduced with the same concentration as the concentration of tax-6 cDNAgf, did the same phenotype as ttx-3(ks5) single mutants. For each genonot affect thermotactic behavior (data not shown), suggesting that type, about 50-100 animals were assayed. tax-6 cDNAgf, and not the overexpression of tax-6 cDNAgf con-(B) Summary of chemotaxis toward NaCl. Animals were grown at struct, induced phenotypic spectrum similar to the spectrum of AFD-20ЊC. Phenotypic categories are described in Experimental Procekilled animals. Pan-neural tax-6 expression in tax-6 mutants carrying dures. tax-6 mutants carrying an unc-14p::tax-6 transgene had resan unc-14p::tax-6 transgene rescued abnormal thermotaxis. Body cued chemotaxis to NaCl. tax-6 mutants carrying a myo-3p::tax-6 wall muscle-specific tax-6 cDNA expression in tax-6 mutants cartransgene had abnormal chemotaxis to NaCl. tax-6 mutants carrying rying a myo-3p::tax-6 transgene did not rescue abnormal thermoa gcy-8p::tax-6 transgene had abnormal chemotaxis to NaCl. About taxis. tax-6(p675);ttx-3(ks5) double mutants showed almost exactly 50-60 animals were examined for each genotype. The partially defective olfactory responses of tax-6 mutants to AWC-sensed isoamyl alcohol were suppressed by an osm-9 mutation, but the partially defective olfactory responses to benzaldehyde were not suppressed by an osm-9 mutation. About 70-140 animals were examined for each genotype at each concentration. The error bar indicates SEM. In (B-F), the small body size of the tax-6 mutant was rescued by expressing tax-6 cDNA only in body wall muscles using the myo-3 promoter to improve movement of tax-6 mutants ( Figures 1F and 1G ). adaptable to AWC-sensed isoamyl alcohol. Exposure to tor for OSM-9-dependent olfactory adaptation in AWC might paradoxically imply that TAX-6 could be a positive isoamyl alcohol for only 10 min is sufficient for tax-6 animals to adapt ( Figure 5C ). This hyperadaptable pheregulator for TAX-4/TAX-2-dependent primary sensory signaling. If TAX-6 is a direct positive regulator of AWC notype and the partially defective olfactory response of tax-6 mutants to isoamyl alcohol were both completely primary transduction, we would have expected to observe at least partially defective olfactory responses to suppressed by an osm-9 mutation (Figures 5E and 5F ). These results suggest that TAX-6 represses OSM-9-isoamyl alcohol in osm-9 tax-6 mutants. We found, however, that osm-9 tax-6 mutants showed completely nordependent olfactory adaptation in AWC. Taken together, we propose two possible models for the role of TAX-6 mal olfactory response to isoamyl alcohol ( Figure 5F ). This result argues against a direct positive role of TAX-6 in AWC signaling ( Figure 7B ). As proposed for AFD signaling, TAX-6 could be activated by calcium entry in AWC primary signaling. The results on osm-9 tax-6 mutants are also inconsistent with a direct negative regthrough the primary signal transduction channel TAX-4/ TAX-2 upon activation of the odorant (IAA) receptor, ulatory role of TAX-6 in AWC primary signaling as proposed for AFD and ASH ( Figure 7A ). If that were true, and the activated TAX-6 could inhibit the adaptation machinery. Alternatively, TAX-6 could be activated by we would expect to see hyperattractive olfactory responses to isoamyl alcohol in osm-9 tax-6 mutants. the odorant (IAA)-evoked calcium influx through the OSM-9 channel, and the activated TAX-6 could negatively regulate opening of the OSM-9 channel that is Gain Control Is Important in Sensory Systems Animals are exposed to a variety of environmental stimrequired for isoamyl alcohol adaptation.
Our models on the role of TAX-6 as a negative regulauli, which are amenable to unexpected alteration. Hence, . In the first model, TAX-6 is activated by calcium influx through the TAX-4/ TAX-2 channel, a calcium channel that is essential for AWC signaling. TAX-6 then negatively regulates the adaptation machinery, which is being activated by calcium entry through OSM-9 channel. In the second model, both TAX-4 and OSM-9 channels are activated upon sensing IAA. In this model, both TAX-6 and the adaptation machinery are activated by calcium influx through the OSM-9 channel and then TAX-6 negatively regulates opening of OSM-9 channel. OSM-9-dependent adaptation machinery is proposed to regulate TAX-4/TAX-2-dependent sensory signaling that includes synaptic transmission. The black "T" indicates hypothetical negative regulation of sensory signaling pathway to achieve gain control of sensory neuron responsiveness, and the red "T" indicates a negative regulatory role of TAX-6 calcineurion.
receptors by phosphorylation is known to be a common mechanism to regulate vertebrate sensory signaling pathways (Chen et al., 1995; Ohguro et al., 1995). For example, vertebrate phototransduction possesses a negative feedback system to modulate sensory input, depending on the strength of light . In the vertebrate retina, the activity of rhodopsin, a G protein-coupled photoreceptor, is inhibited owing to FK134 ttx-3(ks5) . Various double mutants were constructed using standard genetic methods and verified by complementation testing.
ATG and 15 bp downstream of the stop codon TAG, and the unc-54 3ЈUTR. tax-6 was mapped using syn-Daf phenotype, small body size, slow growth rate, and thermotaxis and chemotaxis defects. From tax-6/ dpy-13 lin-3; unc-3 hermaphrodites, two of 63 Non-Dpy Lin recombiAnalysis of Transgenic Animals nants segregated tax-6; unc-3. From tax-6/lin-3 dpy-20; unc-3 herGermline transformation was performed by coinjecting test DNA at maphrodites, none of 54 Lin Non-Dpy recombinants segregated a concentration of ‫02-2ف‬ ng/l and an injection marker, pKDK66 tax-6; unc-3. From tax-6/mec-3 lin-3 hermaphrodites, none of 21 (ges-1::NLS GFP), at a concentration of 20 ng/l into the gonad Mec Non-Lin recombinants segregated tax-6. From tax-6/egl-38 of IK48 tax-6(p675)/dpy-20(e2047), IK17 tax-6(p675), or N2 animals mec-3 hermaphrodites, none of 28 Mec Non-Lin recombinants segre- (Mello et al., 1991) . Transgenic animals were recognized with the gated tax-6.
intestinal GFP fluorescence that was due to ges-1::NLS GFP transformational marker expression. Multiple independent transgenic lines were established and examined for each transformation experiBehavioral Assays ment. The rescue of tax-6 defects by transgenes was evaluated with The thermotaxis assay using a radial temperature gradient was esregard to behaviors, body size, and growth rate. The identification sentially as described previously (Mori and Ohshima, 1995) . Thermoof cells expressing GFP-tagged functional tax-6 was done using the taxis of individual animals on a radial temperature gradient was light microscope AxioPlan2 (Carl Zeiss). evaluated using four phenotypic categories: animals that moved to the cold region (the center of the plate) were classified as "17,"
